The lattice dynamics of Ba 2 CuGe 2 O 7 , a compound which develops Dzyaloshinsky-Moriya (DM) helical magnetism below T N = 3.2 K, has been studied by measuring the infrared reflectivity of a single crystal with the radiation polarized both in the ab plane and along the c axis of its tetragonal cell, from 7 K to 300 K. In this compound, where the unit cell has no inversion symmetry, fourteen E phonon modes of the ab plane, out of the eighteen predicted, and all the ten B 2 modes of the c axis, have been observed. They have been assigned to the atomic motions by a comparison with shell-model calculations, which provided vibrational frequencies in good agreement with the experiment, while most calculated intensities turned to be much lower than the experimental values.
I. INTRODUCTION
Thanks to the growing research effort on the magnetoelectric compounds -which below a critical temperature simultaneously display ferroelectricity and some kind of magnetic order -several mechanisms that can couple magnetism to a macroscopic polarization have been identified. Among them, one of the most interesting is the Dzyaloshinsky-Moriya (DM) effect 1, 2 , which gives rise to helical spin structures through an exchange Hamiltonian which depends on the vector product between adjacent spins. Such magnetism can also be associated with an electric polarization P whose expression contains the same vectorial term 3 .
The compound here studied, Ba 2 CuGe 2 O 7 (BCGO), is the only member of Ba 2 XGe 2 O 7
family which develops helical magnetism at liquid helium temperatures via the DM mechanism [4] [5] [6] . Indeed, for X=Mn (spin S = 5/2) and Co (S = 3/2) the insulator is antiferromagnetic (AF) below Néel temperatures T N = 4.0 and 6.7 K, respectively 3, 7, 8 . Below
T N these systems develop a magnetoelectricity due to the spin-dependent hybridization be- 3.2 K, it thus displays a quasi-AF cycloidal, incommensurate magnetism. However, despite the absence of a center of inversion symmetry in the crystal structure, BCGO does not develop spontaneous ferroelectricity 8 . Nevertheless, a macroscopic electric polarization can be induced in it by an external magnetic field 11 .
As the magnetoelectric properties of Ba 2 CuGe 2 O 7 have been extensively discussed in
Refs. 3,9,11, the present work is focused on its lattice dynamics, both from an experimental and from a theoretical point of view. We have thus measured the reflectivity R(ω) of a single crystal of this compound, from 80 to 6000 cm −1 and from 7 to 300 K, with the radiation polarized both along the a (or b) axis and along the c axis of the tetragonal unit cell.
For both polarizations, the real part σ 1 (ω) of the optical conductivity extracted from R(ω) displays in the far infrared a number of well defined phonon peaks, as Ba 2 CuGe 2 O 7 is an excellent insulator. The measured frequencies and intensities have been compared with the predictions of shell-model calculations, which started from the structural determinations by X-ray diffraction. BCGO was found 12 to crystallize in the non-centrosymmetric tetragonal space group P42 1 m, with lattice parameters a = b = 0.8466 nm and c = 0.5445 nm These values are presumably measured at room temperature, and no structural changes induced by temperature are reported in the literature at best of our knowledge. A schematic view of its unit cell -corresponding to two formula units -is reported in Fig. 1 , which reproduces that reported in Ref. 5 . The Ba 2+ planes, orthogonal to the c axis, separate the layers made of corner-sharing GeO 4 and CuO 4 tetrahedra. It is in the resulting two-dimensional square lattice of Cu 2+ ions, that the Cu spins interact through the DM mechanism and the helical magnetic structure takes place.
II. EXPERIMENT AND RESULTS
Single crystals of Ba 2 CuGe 2 O 7 were grown by the floating zone technique at a pressure of 3 bar in oxygen gas atmosphere with the growth speed of 0.5 mm/hour 13 . The morphology, phase composition and purity of the grown crystals were inspected by high resolution x-ray diffraction and scanning electron microscopy combined with energy dispersive spectroscopy.
The crystal orientation was determined by x-ray back-reflection Laue method showing well defined, neither distorted nor smeared-out spots. Moreover, the crystals used in this work
were cut in such a way that the largest surface contained the a (or b) and the c-axes. This The optical conductivity extracted from the data of Fig. 2 is shown in Fig. 3 in the farinfrared region, both at the lowest and highest measured temperatures. We have detected fourteen transverse optical (TO) phonon modes with the radiation polarized in the ab plane, out of the eighteen E modes predicted by a factor-group analysis of the P42 1 m unit cell, and all the ten B 2 modes predicted along the c axis. The absence of line frequencies common to both polarizations confirms that the polarizer was correctly oriented and that the sample was a single crystal.
III. COMPARISON WITH THEORY
In order to understand the complex phonon spectrum of BCGO, we have used a shell model (SM) which enabled us to perform lattice dynamical calculations and to compare the results with the measured σ 1 (ω). The SM has been successfully applied to different compounds (oxides and hydrides) where the effects of the anion polarizability turned out to be important for a proper description of the vibrational properties. [17] [18] [19] [20] The ionic polarizability is taken into account by considering electronic shells with charge Y coupled harmonically by a force constant k to an atomic core. The SM includes long-range Coulomb interactions between all charged shells and cores and shell-shell short-range interactions arising from the wavefunction overlap between neighboring ions. We have considered short-range interac- 
ineffective.
20 Thus, the adjustment of the parameters was made by hand. The final set of SM parameters which gave the best fit to data is shown in Table II for the ab plane and in Table III for the c axis. Also shown are the calculated oscillator strengths S j [th] for each -th TO infrared mode. 23, 24 The resulting components of the dielectric function tensor, which here is diagonal and also symmetric in the ab plane, are reported in Table IV in both limits of zero frequency and high frequency.
In Tables II and III 
In Eq. 1, σ 1 (ω) is measured in Ω −1 cm −1 , while Ω j and Γ j are the central frequency, and the linewidth of the -th transverse optical mode, respectively, in cm −1 . S j is the oscillator strength in cm −2 .
As one can see in Tables II and III and the visible. Similar "dressed phonons" were observed in several perovskites with high polarizability 26,27 through a strong increase of the phonon intensities at low temperature, especially for the lowest-frequency modes, and through the failure of the f -sum rule
when, as in Eq. 2, it is restricted to the far infrared (FIR). Indeed, in Ba 2 CuGe 2 O 7 both the O and Cu ions are largely polarizable as shown by the large shell charges and the small core-shell force constants (see Table I ) required by the model fitting of the observed spectra. We therefore compared with each other the intensities provided by the fits at the lowest and highest temperatures of the experiment. As shown in Tables II and III, most phonons are more intense at low temperature, so that j S j [7 K ] is larger than j S j [300 K] by about 40 % for the ab plane and 45 % for the c axis. This effect, which "dresses" the phonons, is not taken into account in the shell model here employed, and may explain most of the discrepancies between theory and experiment which emerge in Tables II and III. The f -sum-rule violation has also the interesting implication that the dielectric constant of Ba 2 CuGe 2 O 7 , which is related to j S j 26 , is higher than the theoretical values in Table IV and should also considerably increase when cooling the system. As the lowest temperature here reached is larger than T N , this effect would not be related to the helical spin ordering, but to a redistribution of the charges in the unit cell.
The atomic displacements for selected phonons of the ab plane are shown in Fig.5 . They are labeled by their number in Table II and by the theoretical frequency in cm −1 . Surprisingly, we find that in many modes the CuO tetrahedra and the GeO tetrahedra have a similar Table II and by its calculated frequency, in cm −1 .
pattern, and this is the case of the four modes shown in Fig.5 . This behavior is probably due to the similarity of the Ge and the Cu mass which makes the tetrahedral "molecules" to vibrate at similar frequencies and to mix appreciably their modes in the solid. Therefore, we shall discuss the pattern by referring to the tetrahedra without specifying the central atom.
In Each mode is identified by its number in Table III and by its calculated frequency, in cm −1 .
distortion of the tetrahedra even if, again, mainly in the internal angles. In the 319 cm shown by its high energy, although one never finds in BCGO either purely stretching or purely bending modes, as it is the case in higher-symmetry solids. This also explains why here, at variance with many oxides where the highest vibrational frequency corresponds to a pure oxygen stretching mode, the highest-energy lines do not shift appreciably when decreasing the temperature.
Finally, Fig. 6 shows selected phonon modes polarized along the c axis. They are labeled by their number in Table III 
IV. CONCLUSION
In the present work we have studied the lattice dynamics of Ba 2 CuGe 2 O 7 , by infrared reflectivity measurements with polarized radiation, down to temperatures close to those where a helimagnetic phase takes place via the Dzyaloshinsky-Moriya mechanism. The number of the observed phonon lines is lower (for the ab plane) or equal (for the c axis) to that predicted for the P42 1 m cell of Ba 2 CuGe 2 O 7 , and no linesplitting has been observed when cooling the sample to 7 K. Therefore, our spectra confirm that the tetragonal symmetry is conserved down to the lowest temperatures, with no appreciable orthorhombic distortion.
The optical conductivity extracted from R(ω) has been fit by a sum of Lorentzians, and their parameters have been compared with the results of shell-model calculations. These have correctly predicted the observed frequencies, within the experimental linewidths, except for a few modes where the theoretical values are systematically higher. The discrepancy may be due either to anharmonic effects, not taken into account in the model, or to an overestimation of the shell-shell repulsive interactions. A systematic underestimation with respect to the observed values is instead exhibited by the calculated oscillator strengths.
We have tentatively explained this effect by considering that "charged-phonon" effects -not considered in the model -can increase the dipole moment of those vibrations, due to the distortion of the electron clouds going beyond one atom. Such interpretation is consistent both with the strong increase observed in the phonon intensities at low temperature, and with the failure of the optical sum rule when it is restricted to the phonon region. Although we cannot make a quantitative estimate, because of lack of experimental information in the Terahertz region and below, the remarkable increase in the phonon intensities that we observe at temperatures which are low, but higher than T N , suggests that the dielectric constant of Ba 2 CuGe 2 O 7 may increase at those temperatures, for a redistribution of the electric charge within the cell. Measurements of the static dielectric constant could verify this expectation.
